This study proposes a miniature and highly sensitive Fabry-Perot interferometer (FPI) based on aluminum -polyimide diaphragm integrated with a mass block for acceleration sensing. The composite diaphragms with a radius and thickness of 3.5 mm and 630 nm are manufactured by Micro-Electro-Mechanical System (MEMS) technology. To increase the adhesion of the polyimide diaphragm to silicon wafer and improve the quality of deflectable diaphragm, a 30-nm-thick aluminum diaphragm is first coated on the silicon wafer by magnetron sputtering; a silicon wafer in the intermediate diaphragm is reserved as a mass block to form an integrated structure. Air cavity of the FPI formed by this composite diaphragm is modulated via external vibration signals, leading to a variation in the length of the cavity. Three fiber optic Fabry-Perot accelerometers (FOFPAs) are fabricated with a measured average sensitivity and acceleration resolution of 2.6 V/g (100 Hz-3.2 kHz) and 4.12 µg/Hz 1/2 respectively, which show high consistency and manufacturing reproducibility. Good heat resistance performance of the sensor below 280 • can also be observed obviously. Thus, this proposed sensor is anticipated to have wide application prospects in micro vibration monitoring in high temperature.
I. INTRODUCTION
Fiber optic accelerometer (FOA) has led to remarkable developments during recent years, with its unique advantages [1] - [3] , such as a low cost, immunity to electromagnetic interference, light weight, and small size compared with conventional electrical acceleration sensors. FOAs are suitable for earthquake monitoring [4] , building health monitoring [5] , and oil exploration [6] . According to its mechanical structure, FOA can be divided into three types: cantilever structure [7] - [9] , mandrel structure [10] , [11] , and diaphragm structure [12] ; in particular, fiber optic Fabry-Perot accelerometers (FOFPAs) based on a deflectable
The associate editor coordinating the review of this manuscript and approving it for publication was Jenny Mahoney. diaphragm with a compact structure have attracted considerable interest [13] - [16] . Intrinsic Fabry-Perot sensors have been widely reported [17] - [19] , whereas the reflector needs to be made inside the fiber, which increases the complexity of sensor fabrication. Extrinsic Fabry-Perot sensors with simple structure has considerable application prospects. Gerges et al. [12] proposed a miniature hemispherical air-spaced Fabry-Perot (F-P) interferometer, in which one mirror was mounted on a diaphragm to address a monomodal optical fiber, and the acceleration resolution and resonance frequency were 5 µg/Hz 1/2 and 468 Hz, respectively. Wang et al. [13] presented a FOFPA by using a collimator fixed into a mass with a diaphragm radius of 10 mm, and the acceleration resolution is 53.74 µg/Hz 1/2 in the frequency bandwidth of 10-125 Hz. Wang and Jia [14] presented a Fabry-Perot cavity, which is formed by placing the end face of a gradient-index lens in parallel with an inertial mass, with the resonant frequency and resolution of 393 Hz and 450 µg/Hz 1/2 . Zhao et al. [15] presented a FOFPA based on a mesh diaphragm mass loaded compact structure with a size of 28 mm×28 mm (height × diameter), and the acceleration resolution was 8.5 µg/Hz 1/2 (10-120 Hz). Li et al. [16] reported a fiber optic extrinsic Fabry-Perot accelerometer on a polyethylene diaphragm with a diameter of 10.0 mm and an acceleration resolution of 24.4 µg/Hz 1/2 over a frequency bandwidth of 20 Hz-1.5 kHz. However, to the best of our knowledge, FOFPAs with smaller size, higher sensitivity, and wider frequency band will have more future application prospects in the field of vibration detection in high temperature. The reported elastic diaphragms can be divided into various materials, such as silica [20] , graphene [21] , [22] , silver [23] and polymer [24] , [25] , which are mature application in detecting humidity, acoustic pressure, and gas detection. Whereas the sensors based on these above-mentioned deflectable diaphragms are few seldom reported for acceleration sensing.
In this paper, a fiber optic Fabry-Perot interferometer with a hollow cavity based on an aluminum-polyimide diaphragm for acceleration sensing is proposed, due to its high strength, high temperature resistance (about 280 • C), and good chemical stability [25] , [26] , [27] . An aluminum-polyimide composite diaphragm is fabricated by silicon MEMS technology. A silicon wafer in the intermediate diaphragm is reserved as a mass block to form an integrated diaphragm-mass structure. The end face of a single-modal fiber (SMF) has a reflectivity of 4%, which can be used as a mirror of the F-P cavity. Thus, the composite diaphragm and SMF end face form the F-P cavity. Three acceleration sensors with same size are fabricated and evaluated, achieving excellent performance.
II. COMPOSITE DIAPHGRAM AND SENSOR FABRICATION
An aluminum-polyimide diaphragm is fabricated by MEMS technology [25] , [26] , [29] , following the process shown in Fig.1 .
Photomasks with an inner/outer radius of 3.0/3.5 mm are designed to produce the FOFPAs. (a) An etched pattern is drawn on a silicon wafer surface. First, a layer of photoresist is uniformly coated on the silicon wafer surface. Then, the silicon wafer surface is exposed to irradiation from an ultraviolet lamp through the photomask, and then the exposed photoresist is dissolved in the developer to form etching patterns on the silicon wafer surface. (b) The unprotected silicon wafer in etched pattern is subjected to inductively coupled plasma etching (ICP-98A), and the protected silicon wafer is reserved as a mass block for FOFPA. The thickness of the mass block can be precisely controlled at 0.1 µm by setting the time and speed of etching. After that, the silicon wafer is placed in acetone for ultrasonic cleaning to remove excess photoresist on the surface of the mass block. solution is imidized to form polyimide solution, which is evenly coated on the surface of the first aluminum diaphragm. The polyimide is homogenized with a centrifuge. The thickness of the polyimide diaphragm can be controlled by setting the time and centrifuge speed. Normally, we set the speed of the centrifuge as 3000 round/minute for 40 s to maintain the thickness of the polymide diaphragm below 700 nm. (e) A second 30-nm-thick aluminum layer is plated on the polyimide diaphragm as a reflective diaphragm. (f) The back of the silicon wafer is deeply etched until the first aluminum layer is exposed by using inductively coupled plasma etching. (g) A compact aluminum-polyimide composite diaphragm-mass based on MEMS technology is obtained.
This aluminum-polyimide composite diaphragm-mass structure has significant advantages [25] , such as (1) In comparison to polyimide diaphragm, the first aluminum layer avoids the holes that generated on the surface of silicon wafer, increasing the adhesion of polyamic acid solution to the silicon wafer and making the surface of diaphragm much smoother, as shown in. Fig.2. (2) An intermediate silicon wafer is reserved as a mass block by MEMS to form more compact sensing structure. (3) The Young's modulus of aluminum-polyimide composite diaphragm is higher than polyimide diaphragm, which obviously improves the natural frequency of FOFPA. (4) In the process (g), the first aluminum layer can protect the polyimide layer.
Three sensors with a diameter of 10 mm are achieved by assembling multiple glass tubes of different sizes with ultraviolet gel [16] . The outermost glass tube is coated with a thin layer of ultraviolet gel to bind to the composite film, which is accomplished on Optical alignment and encapsulation platform for precise control. The manufactured FOFPAs with a diameter of 10 mm, structural configuration, and Optical alignment and encapsulation platform are described in Fig. 3 (a) , (b), and (c). During the assembly process of the sensor, the interference spectrum is monitored real time by Amplified Spontaneous Emission (ASE) and optical spectrum analyzer (OSA Yokogawa AQ6370C) until the ideal interference spectrum is obtained.
III. OPERATION PRINCIPLE
The free spectral range (FSR) of the FPI is given by
where λ is the wavelength of the optical source,n and L are the refractive index of the medium and the length of FP cavity.
Residual tensile stress are common in flat diaphragms due to their fabrication methods and have a considerable effect on the mechanical behavior of the diaphragm, which affect the frequency response curve of the sensors [30] . Thus, we have considered of the initial stress on the diaphragm. The dynamic sensitivity can be expressed as [13] .
δV a 0 0 is the voltage sensitivity in the flat area of frequency response curve, f is the frequency of the applied acceleration, f 0 and ξ are the natural frequency and damping ratio of the sensor. Voltage sensitivity in the flat area can be expressed as [30] δV a 0 =
where
.
For flat diaphragms in this experiment, s is equal to 1, as given in Ref. [30] , and σ is the initial stress in the diaphragm. The natural frequency f 0 can be given as [30] f 0 = 1 2π
where ε = r/R and m is mass of the mass block, with m = ρ * πr 2 H . A description of the symbols and practical parameters in the factual manufacture are given in Table 1 .
According to the parameters given in Table 1 , the theoretical voltage sensitivity and resonant frequency are 2.7 V/g and 4.7 kHz, respectively.
IV. PERFOEMANCE TEST
To evaluate the consistency and process maturity of the FOFPA, three sensors with same size are fabricated. Fig. 4 is the interference spectrum of the three FOFPAs with high coincidence. The interference fringe visibilities of FOFPA01, FOFPA02, and FOFPA03 are 23.7, 25.9, and 24.3 dB, respectively, with FSRs of 3.96, 4.2, and 4.36 nm and cavity lengths of 303, 286, and 275 µm, calculated from (1). The selected Q-points is 1550.15 nm, which is set as the wavelength of the optical source.
A. EXPRIMENTAL SETUP
Experimental setup for acceleration measurement is illustrated in Fig. 5 . All of the experimental instruments are placed on a vibration reduction table to avoid external vibration interference. A laser module (Orion 803467) with a central wavelength of 1550 nm is set as an optical source. A vibration exciter (B&K 4809) is driven by a single-frequency sinusoidal signal produced by a signal generator (B&K 3060-A-022). A reference accelerometer (RA, B&K 8305) is used to detect vibrations and vertically fixed on the vibration exciter with FOFPA. Then, the light intensity is detected by PD and acquired by a data acquisition card (B&K 3060).
B. FREQUENCY RESPONSE AND LINEARITY
Theoretical and measured sensitivity-frequency response curves of FOFPAs are described in Fig. 6 . In the frequency bandwidth of 100 Hz to 3.2 kHz, the voltage sensitivity is 2.6 V/g while the amplitude fluctuation is less than ± 3 dB. The red curve is the result of numerical fitting according to (2) - (6) , which is coincides well with the experimental results. The initial stress on the diaphragm is about 40MPa based on experience and formula. The ξ value is 0.1 approximately by fitting. Illustration in Fig. 6 further shows the relation among the intensity and applied acceleration at 2.4 kHz of FOFPA02, exhibiting a good linear response with a linearity of 0.99552.
C. ACCELERATION RESOLUTION
The signal-to-noise ratio (SNR) with an excitation of 10 mg in a frequency band of 100 Hz-10 KHz is plotted in Fig.7 . The SNR of FOFPA01, FOFPA02, FOFPA03, are approximately 60 dB in flat area of 100 Hz to 3.2 kHz, with high consistency. The illustration in Fig.7 is output power spectrum of FOFPA02, with a resolution bandwidth of 2 Hz, where the applied acceleration is excited with 10 mg at 2.4 kHz. Clearly, the SNR of FOFPA02 is approximately 64.7 dB; thus, the calculated acceleration resolution is 4.12 µg/Hz 1/2 , which is far superior to previously reported FOFPA.
D. TEMPERATURE RESISTANCE
To evaluate the high-temperature resistance of FOFPA, a sensor is fabricated by using high-temperature glue instead of UV glue during the assembly process. Fig. 8 depicts the trend of interference fringe pattern with temperature. The interference fringe visibilities at the temperature of 30 • C, 100 • C, 200 • C, 280 • C and 300 • C are 15.2, 14.98, 15.19, 15 .03, and 13.7 dB, respectively, with FSRs of 6.2, 6.2, 6.2, 6.3, and 6.6 nm, and cavity lengths of 193. 75, 193.75, 193.75, 190 .67, and 182.01 µm, calculated from (1). After the temperature rises to 280 • C, the interference fringe visibility and cavity length begin to change visibly for the thermal stress on the diaphragm the thermal-induced stress in the diaphragm. Fig. 9 (a), (b) are the output frequency spectrum and time domain spectrum of detected vibration signal at 280 • C for an applied acceleration signal amplitude of 1 mg at a frequency of 800 Hz. Good heat resistance performance of the FOFPA below 280 • C can be observed obviously.
V. CONCLUSION
In conclusion, a compact FPI based on an aluminumpolyimide composite diaphragm integrated with mass for acceleration sensing is proposed and experimentally demonstrated. Three accelerometers are fabricated, with a diaphragm radius and thickness of 3.5 mm and 630 nm. The measured voltage sensitivity is 2.6 V/g (100 Hz to 3.2 kHz) and the acceleration resolution is 4.12 µg/Hz 1/2 , which are far superior to previously reported FOFPAs. The interference spectra, voltage sensitivity, and SNR curves of the three sensors are tested respectively, and the results show a high degree of consistency and manufacturing reproducibility.
Good heat resistance performance of sensors below 280 • can also be observed obviously.
The comparison between our FOFPA and other sensors is given in Table 2 . It is found that the resolution of our sensor is lowest with a highest resonant frequency; our sensor has unique advantage in heat resistance. Furthermore, the performance of the FOFPAs can be further improved, such as optimizing the MEMS process to improve the quality of the composite diaphragm, adjusting geometry parameters of diaphragm and mass block to optimize the sensitivity, frequency band and other indicators of the sensor. Thus, the proposed sensor can be further used for microseism monitoring. GANG ZHANG received the B.S. and M.S. degrees from Anhui University, Hefei, China, where he is currently pursuing the Ph.D. degree with the Key Laboratory of Opto-Electronic Information Acquisition and Manipulation of Ministry of Education. His researches mainly focus on optical fiber sensing and signal processing.
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